The influence of polymerization temperature (from -25 to +25 o C) on molecular weight, crystallinity, electrical conductivity, thermal and morphological properties of polyaniline has been investigated. Aniline was oxidized in an aqueous medium with ammonium persulfate and 1.0 M hydrochloric acid. The reaction mixture freezes below -10 o C and hence lithium chloride was used in sufficient amount to prevent freezing. As the reaction temperature decreases, both the molecular weight of polyaniline and its crystallinity increase. Thermal studies show a common three step decomposition pattern irrespective of the temperature used during synthesis. The morphology of polyaniline changes from granular (reaction in liquid medium) to tubular (polymerization in the frozen state). Thermal analysis indicated that the polyaniline stability increased with decreasing synthesis temperatures. Electrical conductivity of polyaniline was found to be independent of the polymerization temperature and, consequently, of the molecular weight.
Introduction
Polyaniline is an environmentally stable and technologically important conducting polymer, whose electronic conductivity can be altered reversibly by both oxidation/reduction and acid/base chemistries [1] . Polyaniline can exist in three isolable oxidation states, leucoemeraldine, emeraldine, and pernigraniline, among which only emeraldine salt (ES) is electrically conductive [2] .
One of the ways of controlling macromolecular properties of PANI, namely, its molecular weight, is the selection of the reaction temperature. MacDiarmid and Epstein [3] reported that the molecular weight of PANI can be decreased by decreasing the polymerization temperature. Ohtani et al. [4] observed that weight average molecular weight of PANI, M w , increased from 120 000 to 160 000 when polymerization was carried out above 20 and below -3 o C, respectively. Oh et al. [5] polymerized aniline at 0 and -30 o C; M w was 6.8 times higher at lower temperature. Mattoso et al. [6] similarly found that M w increased 7.3 times when the polymerization proceeded at -40 o C instead at 0 o C. Adams et al. [7] [8] [9] showed that the molecular weight of PANI prepared by oxidation of aniline with ammonium persulfate was M w =29 700 at Information on the relation between the reaction conditions (and, consequently, PANI structure) and the electrical conductivity of PANI is fragmentary. Ohtani et al. [4] reported an increase in the conductivity from 2 to 18 S cm -1 for samples prepared above 20 and below -3 o C, acompanied by the mentioned increase in molecular weight. Kogan et al. [10] claimed that decreasing the polymerization temperature has reliably been found to be accompanied by an increase in both molecular weight and electrical conductivity. Adams et al. [7, 8] observed that the conductivity of the samples prepared at sub-zero temperature was of the same order of magnitude as that of standard PANI prepared at 18 o C. Boara and Sparpaglione [11] where able to obtain PANI samples of high conductivity ( 45 S cm -1 for PANI hydrochloride) even at 60 o C by optimizing the reaction conditions. In other type of experiment, MacDiarmid and Epstein [3] fractionated PANI base by preparative gel permeation chromatography (GPC). The conductivity of fractions reprotonated in 1 M HCl rose with increasing molecular weight from 1.2 S cm -1 for M= 20 000 to 17 S cm -1 for M= 170 000 after which it was essentially constant up to M= 320 000.
In this contribution, we discuss the effect of polymerization temperature (from -25 to +25 o C), in the reaction medium of 1 M HCl, on the molecular weight, crystallinity, electrical conductivity, thermal and morphological properties of PANI.
Results and Discussion

Polymerization of Aniline
In a typical preparation of PANI, aniline in acidic aqueous medium (where it exists as anilinium cation) is oxidized with an oxidant, most commonly ammonium persulfate [13, 14] . After an induction period, the reaction mixture turned blue as the polymerization had started and the intermediate protonated pernigraniline form of PANI was produced. Later it became green as pernigraniline was converted into final product, the protonated emeraldine form of PANI. In the first case, polymerization of aniline hydrochloride in water (i.e. at 1.0 M HCl concentration), the reaction was completed within tens of seconds after the components were mixed at 25 , which is characteristic of the paradisubstituted aromatic rings through which polymerization proceeds. C-H out of plane bending vibrations appear at 1145 and 670 cm -1 . Aromatic C-N stretching indicating secondary aromatic amine groups appears at 1300-1317 cm -1 . Of particular interest are the neighbouring bands 1500 and 1600 cm -1 corresponding to the benzenoid ring and quinoid ring modes, respectively. The presence of these bands clearly shows that the polymer is composed of insulating and conducting phase of the polymer. Bands at 3394 cm -1 and 3385 cm -1 are assigned to the N-H stretching bands of free or non-bonding and H-bonded N-H band respectively.
FT-IR Characterization
Elemental Analysis
The elemental analysis was carried out for ascertaining the percentages of various elements present in the polymer matrix. The elemental composition of polyaniline emeraldine base form prepared under standard conditions in acidic media of 1 M HCl is shown in Table 1 . The results of elemental analysis clearly indicate the presence of oxygen in polyaniline. This may be due to bound water molecules or, more likely, to partial oxidation of polyaniline chains. Hydrochloric acid is removed from the aniline hydrochloride after deprotonation with ammonium hydroxide. However, some amount of chlorine is expected to remain in polyaniline base even after deprotonation, indicating a partial benzene-ring substitution with chlorine. Partial sulfonation of benzene rings is responsible for the presence of sulfur in the polyaniline base.
Molecular Weight Obtained by Static Light Scattering
As seen from Table 2 , the molecular weight of PANI increases as the reaction temperature is lowered. Polyaniline polymerization is an exothermic reaction, so at low temperature, side reactions get depressed and the molecular weight can be increased. Moreover, cationic chain polymerization are usually carried out at lowered temperatures, which favor propagation over competing side reactions, leading to high molecular weight polymers. 
Crystallinity
The diffractograms show a well-developed crystallinity in the sample prepared at -25 o C (Figure 2(a) ), while the sample prepared at +25 o C is nearly amorphous ( Figure  2(c) ). The crystalline phase is better developed in the sample prepared under lower temperature conditions, i.e., both the size of crystallites is larger and degree of crystallinity is higher. While the molecular weight reflects the macromolecular structure of PANI, the degree of crystallinity is associated with the supramolecular organization of PANI chains. For PANI samples mentioned in Figure 2 , the fraction of crystalline phase increased as the molecular weight grew. The increase was more pronounced for the sample a b c prepared at -25 o C (Figure 2(a) ). This may indicate that chains produced under lower temperature conditions have less structural defects.
Scanning Electron Microscopy
The granular morphology produced by the polymerization at higher temperature (liquid mixture, Figure 3(a) ) changes to the continous structure (Figure 3 (c) ), when the polymerization proceeds at lower temperature (frozen state). While in the former case PANI powders are obtained, in the latter macroporous tubular PANI results. The distinction in morphology is especially well seen when PANI is washed with acetone after preparation, and then dried. PANI prepared at higher temperatures is obtained as fluffy green powder, while that produced at low temperatures is a macroporous tubular material. Direct drying from an aqueous medium results in more compact products; the interfacial tension between PANI and water is higher compared with acetone and it forces PANI entities close to each other during drying. The presence of oligomer clusters can be seen clearly in Fig. 3(c) . These results are in accordance with our molecular weight and crystallinity measurements, where the molecular weight and crystallinity increased at lower synthesis temperature. Figure 4 depicts the thermograms of chemically synthesized polyaniline emeraldine base type at different temperatures. due to co-evolution of water or evolution of acid is found to be almost identical ~6% in all polymers. The loss in the third step, which accounts for polymer degredation and decomposition of the skeletal polyaniline chain structure after elimination of the acid, is different in the three polymers and found to be rapid in polyaniline prepared at 25 [15] [16] [17] , the polyaniline (EB) powder had a discernible moisture content. Therefore, the endothermic peak was most likely due to the vaporization of water. This was in agreement with the TGA results. The chemical process related to the exothermic peak was due to crosslinking reaction. This crosslinking reaction resulted from a coupling of two neighboring -N=Q=N-groups (where Q represents the quinoid ring), to give two -NH-B-NH-groups (where B represents the benzenoid ring) through a link of the N with its neighboring quinoid ring, as suggested by Scherr at al. [18] . The thermograms also confirm the absence of any glass transition (T g ) and melting (T m ) temperature for polyaniline due to the formation of oligomer clusters which can be seen clearly by scanning electron microscope described in previous section. 
Thermogravimetric Analysis
Coductivity measurements
The polymerization temperature has no influence on the macroscopic electrical conductivity on PANI prepared at 1.0 M HCl (Table 3) . Consequently, the molecular weight of PANI has virtually no effect on the electrical conductivity, in agreement with the data reported in literature [3, 4, 7, 8] . Such behavior has been theoretically predicted [19] for the cases when charges hopping from one polymer chain to another are much faster in comparison with the life time of the charge on the chain, i.e., when the interchain transport occurs more readily than the intrachain one. In this sense, PANI resembles low-molecular-weight charge-transfer salts (intermolecular conductors) rather than conjugated polymers (intramolecular one-dimensional conductors).
Conclusions
As the polymerization temperature is decreased, the molecular weight of PANI increases. The crystallinity of PANI grows with increasing molecular weight. The presence of conducting phase of polyaniline is confirmed using FT-IR spectroscopy. The morphology of PANI changes from powdery to tubular as the molecular weight (and crystallinity) of the samples increases. Thermal stability of the polymer was found to be increased by decreasing the synthesis temperature. The electrical conductivity of PANI is independent of the polymerization temperature, i.e., it is also independent of molecular weight.
Experimental
Materials
Synthesis-grade aniline, ammonium persulfate, (NH 4 ) 2 S 2 O 8 , lithium chloride, LiCl, and acetone (99.9%) were purchased from Merck (Gernamy). Hydrochloric acid, HCl (37%) and ammonium hydroxide, NH 4 OH (24%), were purchased from Aldrich. The reaction mixture was then filtered using a Buchner funnel and flask, and the filter cake washed with 10 X 80 ml of acetone. The filter cake was stirred in ammonium hydroxide solution (100 ml, 24%) for 1 h before refiltering and rewashing with 10 X 100 ml of acetone, followed by drying under dynamic vacuum at 60 o C for 48 h to give 4.32 g of purple powder, which corresponds to ~86.4% yield based on the aniline starting material. The specimen for FTIR analysis was prepared by grinding powdery sample with KBr powder (weight ratio ≈ 1:99) and then pressing the mixture into tablets.
Synthesis of
Elemental Analysis
The elemental composition of the polymer was calculated by using a CE Instruments EA-1110, CHNSO analyzer.
Static Light Scattering (SLS)
Static light scattering measurements were obtained for PANI solutions using a multiangle light scattering instrument equipped with a He-Ne laser, λ o = 632.8 nm (Dawn-B, Wyatt Technology Corp.). A stock solution of 1 g/dl of PANI dissolved in Nmethyle-2-pyrrilidinone (NMP) solvent was then diluted to 0.2 g/dl. The solution was then used to make a series of solutions having a minimum concentration of 0.05 g/dl which were found to be suitable for light scattering measurements. Dilutions were made with NMP solvent. Solutions were filtered into a sample tube through a 0.45 micron filter. 
Wide Angle X-ray Diffraction
Scanning Electron Microscopy (SEM)
The crystalline morphology of the EB-form PANI was observed with a scanning electron microscope (SEM) model Jeol JSM-6400 low voltage (20 kV).
Thermogravimetric Analysis (TGA)
TGA (PerkinElmer Pyris 1) was conducted to measure the weight loss of the EB-form PANI powder in a temperature range from room temperature to 1000 o C, at a heating rate of 10 o C/min under a nitrogen stream.
DSC Thermal Analysis
A differential scanning calorimeter (DuPont 2100) was used to examine the thermal properties of the EB-form PANI powder in a temperature range from room temperature to 350 o C at a heating rate of 10 o C/min.
Electrical Measurements
About 200 mg of powder PANI were pressed into a pellet (13 mm diameter) with a manual hydraulic press at 700 MPa in vacuo. The four-probe measurement of conductivity based on the van der Pauw theorem [12] was used. The used machine is Keithley 614 electrometer. The measurements were carried out at room temperature.
